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It is now widely accepted that a new middle baseline disappearance reactor neutrino experiment with multiple
detectors could provide a clean measurement of the θ13 mixing angle, free from any parameter degeneracies and
correlations induced by matter effect and the unknown leptonic Dirac CP phase. The current best constraint
on the third mixing angle comes from the Chooz reactor neutrino experiment sin2(2θ13) < 0.2 (90 % C.L.,
∆m2atm = 2.0 10
−3 eV2). Several projects of experiment, with different timescales, have been proposed over the
last two years all around the world. Their sensitivities range from sin2(2θ13) < 0.01 to 0.03, having thus an
excellent discovery potential of the νe fraction of ν3.
1. Physics motivations
Considering only the three known families, the
neutrino mixing matrix is parametrized by the
three mixing angles (θ12, θ23, θ13). θ12 has been
measured to be large (sin2(2θ12) ∼ 0.8) by the
combination of the solar neutrino experiments
and the KamLAND long baseline reactor neu-
trino experiment [1]. θ23 has been measured to
be close to maximum (sin2(2θ23) > 0.9) by atmo-
spheric neutrino experiments as well as the long
baseline accelerator neutrino experiment K2K [2].
The mixing angle θ13 coupling both solar and
atmospheric sectors has only been upper con-
strained, mainly by the Chooz [3] reactor neutrino
experiment (sin2(2θ13) < 0.2).
On the one hand the large size of both θ12 and
θ23 indicates a strong difference between leptonic
and quark mixings. On the other hand the small-
ness of θ13 testifies the peculiarity of the neutrino
sector. Though the value of θ13 is of fundamen-
tal interest to understand the leptonic mixing, it
is also very important to define the future ex-
perimental program. Indeed all CP-violating ef-
fects that could be measured by neutrino oscil-
lation experiments are proportional to sin2 θ13.
The knowledge of the order of magnitude of θ13
is thus important for the design of the future ex-
periments dedicated to CP violation.
2. Reactor neutrinos
Nuclear reactors produce only νe through beta
decays of the fragments of the fissionable materi-
als. For instance, the light water reactors (BWR
and PWR) fuel mainly consists of 235U and 239Pu,
which undergo thermal neutron fission. The dom-
inant natural uranium isotope, 238U, is fissile only
for fast neutrons (threshold of 0.8 MeV) but it
also generates fissile 239Pu by thermal neutron
capture. The 241Pu isotope is produced in a man-
ner similar to 239Pu. Fuel composition evolves
with time (burn-up).
Reactor antineutrinos are detected through the
inverse neutron decay ν¯e + p → e
+ + n (thresh-
old of 1.806 MeV), with a cross section σ(Ee+) ≃
(2pi2h¯3)/(m5efτn)pe+Ee+ , where pe+ and Ee+ are
the momentum and the energy of the positron, τn
is the neutron lifetime and f is the neutron decay
phase space factor. For a typical PWR averaged
fuel composition 235U (55.6 %), 239Pu (32.6 %),
238U (7.1 %) and 241Pu (4.7 %), and a thermal
power Pth (GWth), the number of fissions per sec-
ond Nf is given by Nf = 3.06 · 10
19s−1 Pth[GW].
The energy weighted cross section amounts to
< σ >fis= 5.825 ·10
−43 cm2 per fission. The event
rate at a distance L from the source, assuming
no oscillations, is given by RL = Nf < σ >fis
np · 1/(4piL
2), where np is the number of (free)
protons in the target.
Experimentally one detects the very clear sig-
1
2nature of the coincidence signal of the prompt
positron followed in space and time by the de-
layed neutron capture. This allows to strongly
reject the accidental backgrounds. The visible
energy seen in the detector is given by Evis =
Ee+ + 511 keV.
Reactor neutrino experiments measure the sur-
vival probability Pνe→νe of the νe emitted by nu-
clear power stations. The νe disappearance prob-
ability is not sensitive to the Dirac CP phase δ
(see Eq. 1). Furthermore, thanks to the low neu-
trino energy (a few MeV) as well as the short
baseline considered (a few km), matter effects are
negligible [4,5]. In the case of normal hierarchy,
the νe survival probability can be written
Pνe→νe = 1− 4 sin
2 θ13 cos
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where the first two terms in Eq. 1 contain re-
spectively the atmospheric (∆m231 = ∆m
2
atm) and
solar driven (∆m221 = ∆m
2
sol) oscillations. The
third term is an interference between solar and at-
mospheric contributions, which has a detectable
influence only in a small region of the space of
mass and mixing parameters [6]. For the consid-
ered case the first term dominates, which leads to
a pure θ13 measurement.
2.1. The new experimental concept
In order to improve the Chooz constraint on θ13
[3], one has to use a set of at least two identical de-
tectors. The first one is at a few hundred meters
from the reactor cores. It monitors the νe flux
without oscillations. The second one is between
1 and 2 km. It searches for a departure from the
overall 1/L2 behavior of the νe energy spectrum,
induced by oscillations. At Chooz, the reactor
induced systematic error amounted 1.9 % of the
2.7 % total experimental uncertainty. This error
cancels with the multiple detectors concept. Fur-
thermore, additional experimental errors are be-
ing either reduced or cancelled when using iden-
tical detectors. Thus, with slight technical inno-
vations with respect to previous solar and reactor
experiments, an overall systematic error of 0.6 %
(no background) is achievable [7,8]. In order to
fully utilize the potential of such detectors, the
statistical error has to be decreased to a similar
amount with respect to Chooz, providing 50,000
neutrinos events in the far detector, and millions
in the near one. The close detector could then
be used not only for fundamental research, but
also for some investigations of the International
Atomic Energy Agency (IAEA) [7,9].
The signature for a νe event may be mim-
icked by background events which can be divided
into two classes: accidental and correlated events.
The former can be reduced by a careful selection
of the materials used to build the detector. In ad-
dition this background is measurable in-situ, and
its subtractions lead to a small systemactic error.
Two processes mainly contribute to the correlated
background: β-neutron cascades and very fast ex-
ternal neutrons. Both types of events are coming
from spallation processes of high energy muons.
The correlated background can be reduced by lo-
cating the detector deep underground. It could
also be measured during the reactor “OFF” pe-
riods (this concerns the single and more weakly
the double core power stations).
2.2. Complementarity with Superbeams
Forthcoming accelerator neutrino experiments,
or Superbeams, will search for a νe appearance
signal. The observation of a νe excess in an
almost pure νµ neutrino beam at any accelera-
tor experiment would be major evidence for a
non-vanishing θ13. But unfortunately, in addi-
tion to the statistical and systematic uncertain-
ties, correlations and degeneracies between θ13,
θ12, sgn(∆m
2
31), and the CP-δ phase degrade the
accessible knowledge on θ13 [4,5].
Even though appearance experiments seem to
be the easiest way to measure very small mix-
ing angles, as might be the case for θ13, it is of
great interest to get additional information with
another experimental method, and different sys-
tematic uncertainties. To accomplish this goal,
both reactor and accelerator programs should
provide the required independent and comple-
mentary results [10].
33. The current proposals
Since the first KamLAND results, a commu-
nity of physicists is preparing a new experimen-
tal program. A few international workshops have
been organized in Asia, Europe, and US, leading
to the publication of a White Paper [10]. Several
sites have originally been proposed, from west to
east : Diablo Canyon and Braidwood (US), An-
gra (Brazil), Chooz, Cruas, and Penly (France),
Krasnoyarsk (Russia), Daya Bay (China), and
Kashiwazaki (Japan). I present below a personal
selection of the current projects.
3.1. Kr2Det (Russia)
The pioneering Kr2Det aimed to use two liq-
uid scintillator detectors, located at 100 m and
1,000 m from the Krasnoyarsk underground re-
actor [11]. This site takes advantage of the two
existing cavities protected by an overburden of
600 mwe, as well the 50/7 days ON/OFF cy-
cle allowing in situ background measurements.
However, due to the low thermal power of the
1.6 GWth single reactor, two large 50 ton detec-
tors are required. A sensitivity of sin2(2θ13) <
0.015 (90 % C.L., 0.5 % systematic errors, 3 years
of operation) has been estimated. Unfortunately,
political issues prevent any international effort at
this site.
3.2. Double-Chooz (France)
The experiment site is located close to the
twin reactor cores of the Chooz-B nuclear power
station (PWR, 2×4.3 GWth), operated by the
French company Electricite´ de France (EDF).
The two almost identical detectors contain a 10
ton fiducial volume of liquid scintillator doped
with 0.1 % of Gadolinium (Gd). The under-
ground laboratory of the first Chooz experiment,
located 1.05 km (overburden of 300 mwe) from
the cores is going to be used again. This is the
main advantage of this site. The second detector
will be installed close to the nuclear cores. An ar-
tificial hill of about 20 m height has to be erected.
(At 150 m the required overburden is 60 mwe.)
The detector design is an evolution of the
Chooz detector [3]. In order to increase the expo-
sure to 60,000 events at Chooz-far it is planned to
use a target cylinder 2.3 times as big as in Chooz.
The near and far detectors will be identical inside
the PMT supporting structure. Starting from
the center of the target the detector elements are
as follows: The neutrino target: A 120 cm ra-
dius, 280 cm height, 8 mm thick acrylic cylinder,
filled with 0.1 % Gd loaded liquid scintillator.
The baseline of the scintillator being developed
is a mixture of 20 % of PXE and 80 % of dode-
cane, with small quantities of PPO and bis-MSB
added as fluors. The γ-catcher: A 60 cm buffer of
unloaded liquid scintillator, with the same light
yield, enclosed in a 10 mm thick acrylic cylin-
der. The role of this new region is to get the full
positron energy, as well as most of the neutron
energy released after neutron capture. The non
scintillating buffer: A 95 cm buffer of non scin-
tillating oil, in order to decrease the accidental
backgrounds (mainly from PMTs radioactivity)
and the structure supporting the 512 PMTs. The
muon veto: A 60 cm veto region filled with liq-
uid scintillator for the far detector, and a larger
one (1 to 2 m) for the near detector. The exter-
nal shielding: 15 cm of steel surrounding the far
detector, and a 1 m low radioactive sand or wa-
ter layer for the near detector. An outer veto gas
proportional chambers) surrounding the cuve will
be added at the near detector site to tag cosmic
ray induced backgrounds.
The dominant error is the relative normaliza-
tion between the two detectors, that is expected
to be less than 0.6 %. The main contributions
come from the solid angle (0.2 %), the volume
(0.2 %), the density and H/C ratio (0.15 %), the
neutron detection efficiency and energy measure-
ment (0.2 % and 0.1 %), the e+-n time delay
(0.1 %) and the dead time (0.25 %).
A Monte-Carlo study shows that the corre-
lated events are the most severe background
source. In total the background rates (acciden-
tal+correlated) for the near detector would be
between 9/d and 23/d, for 60 mwe overburden.
For the far detector the total background is es-
timated between 1/d and 2/d. However, the ac-
cidental part, which dominates, can be measured
and subtracted, leading to a small systematic er-
ror. This can be compared with the signal rates
of 4, 000/d and 80/d in the near and far detectors.
The sensitivity is sin2(2θ13) < 0.025
4(90 % C.L., for ∆m2atm = 2.4 10
−3 eV2, 3 years
of operation) in the no-oscillation case. The
discovery potential is around 0.04 (3-σ). If
sin2(2θ13)=0.1 a rate only analysis could re-
ject the no-oscillation scenario at 2.6σ, whereas
a shape+rate analysis could reject the no-
oscillation scenario at about 6σ.
Double-Chooz is a collaboration between
France, Germany, Italy, Russia and US. A Letter
of Intent has been released in may 2004 [7], as well
as a proposal for the US participation [8]. The ex-
periment has been approved in France. Double-
Chooz has started its design phase. The plan is
to start taking data at the Chooz-far in 2007 (no
civil construction), and at Chooz-near in 2008.
3.3. Kaska (Japan)
The Kaska experiment [12] could be located
close to the Kashiwazaki,-Kariwa nuclear power
station (BWR, 24.3 GWth), which is the most
powerful in the world. The plant is composed of 7
cores divided in 2 clusters spread by 2 km. Thus,
two near detectors are mandatory (each at 400 m
from a cluster). Two options are being considered
for the far detector location : 1.3 km or 1.8 km.
In that case, being at the optimum baseline of
1.8 km could be a disadvantage since the natu-
ral size of the detector is strongly constrained by
the shaft hole diameter. Since no natural hill ex-
ists around the power station, three 6 m diameter
shaft holes have to be excavated and equipped.
The required depth is 70 m for both near shafts,
and 200 m (250) for the far one at 1.3 km (1.8).
The Kaska design is similar to the Double-
Chooz one: a 8 ton target of Gd doped liquid scin-
tillator and a γ-catcher region enclosed in a dou-
ble acrylic cylinder, a gamma shielding, a PMT
supporting structure, and a weak scintillating re-
gion acting as a muon veto. The external layer
is an iron shielding protecting from the external
radioactivity.
The systematic error foreseen is between 0.5
and 1 %. A statistical error of 0.4 % (0.6 %) is ex-
pected at 1.3 km (1.8) after three years of opera-
tion. The corresponding sensitivity is expected to
be between sin2(2θ13) < 0.017−0.027 (90 % C.L.,
depending on the true value of ∆m2atm), in the
no-oscillation case.
Kaska is a Japanese collaboration. R&D and
geological studies are ongoing until 2005. If ap-
proved, the plan is to construct the detectors in
2006-08 and to start data taking end of 2008.
3.4. DaYa-Bay (China)
The DaYa-Bay experiment [13] could be lo-
cated in the Guang-Dong Province, close to the
DaYa Bay nuclear power plant (PWR, two twin
cores of 2.9 GWth, for a total of 11.6 GWth). A
third twin unit is planned to be in operation in
2010. Three identical liquid scintillator detectors
will be used, two “near” and one “far” detectors.
Since the power station has been built near a
mountain, the plan is to excavate an horizontal
tunnel and several experiment halls. Those civil
constructions would provide an excellent overbur-
den for the detectors: 400 mwe at a distance of
300 m from the cores, and 1, 200 mwe at a dis-
tance of about 1, 500 − 2, 000 m. This provides
flexibility to optimize the detector rooms location
according to the volatile best fitted ∆m2atm value.
A detector unit contains three main regions: a 8
tons target in a transparent Plexiglas container
filled with a 0.09 % Gd-loaded scintillator; a
second intermediate region equipped with hun-
dreds eight-inch PMTs, used to protect the tar-
get from PMT radioactivity as well as to contain
the gamma rays from neutron capture; a third
region optically separated acting as a cosmic-ray
muon veto shielding, equipped eight-inch PMTs.
To protect the detector from natural radioactivity
of the rock, the steel vessel could be surrounded
by 1 m of low radioactivity sand and covered by
15 cm of iron. Thus, the background rates could
be suppressed down to 0.2 − 0.3 events per day
per ton. The particularity of this experiment is
to use the so-called “movable detector” concept.
The three detectors could be swapped for cross
calibration. The question of the systematic error
introduced when moving such sensitive machines
remains open, however.
Several schemes of the detector locations have
been studied, but resulting to similar sensitivities.
For three years of operation, and according to this
preliminary configuration [13], the 3-σ discovery
potential is expected to be sin2(2θ13) ∼ 0.03
(∆m2atm = 2.5 10
−3 eV2). Geological studies as
5well as safety investigations are currently being
done; R&D proceeds until 2005. The plan is to
start construction in 2006, in order to operate a
first near detector in 2008.
3.5. Braidwood (US)
The Braidwood experiment [14] would be lo-
cated close to the Braidwood twin nuclear station
(BWR, 2×3.6 GWth), in Illinois. The area sur-
rounding the power plant has a very flat topol-
ogy, thus two 10 m diameter shafts and two
12-32 m detector rooms have to be excavated.
The two laboratories could have an overburden
of 450 mwe (120 m underground), providing the
same background contamination in each detector.
The ground, composed of dolomite limestone, is
convenient for excavation. The detector rooms
can thus be optimized according to the future
knowledge of ∆m2atm. The plan is to have≥1 near
detector of 25-50 tons (fiducial mass) at 270 m in
the near shaft, and ≥2 far detectors identical to
the near one, at ∼1.8 km in the far shaft. The de-
tectors could be constructed above ground, and
moved to the experimental sites on a platform
transporter. Then a 750-ton capacity crane would
carry the detectors underground. This operation
could be repeated several times in the lifetime of
the experiment in order to swap the detectors for
cross calibration. The detector design could be
different to Double-Chooz and KASKA by omit-
ting the γ-catcher region.
The sensitivity depends on the final layout of
the experiment which is still uncertain. The goal
is to reach sin2(2θ13) < 0.01 (90 % C.L.) if no-
oscillation is assumed. Currently, geological stud-
ies are being done. If approved, 40 months would
be needed for the simultaneous construction of
the detectors and the underground laboratories.
3.6. Angra (Brazil)
A second generation of experiments, with a
large target mass, and extremely low and very
well understood backgrounds, might be needed
in the future: i) if a first generation experiment
observes a signal close to its sensitivity limit; ii)
in complement to the Superbeam program in or-
der to start to probe the (θ13,δ-CP) plane [15].
This is an experimental challenge that could only
be addressed after the generation of experiments
presented in the previous sections.
The Angra experiment [16], near the 6 GWth
power station of Angra dos Reis, is going to focus
on this high-luminosity approach to provide a full
energy spectrum measurement of the oscillation
signature. The far detector site could be located
at 1.5 km from the primary reactor core, under
700 m of granite (1,700 mwe). The near detector
site could be 300 m distant from the core, and
covered by 100 m of granite (250 mwe). The de-
tector would be a 500 ton fiducial volume of Gd
loaded liquid scintillator. Control of the back-
grounds will be crucial. If a luminosity of greater
than 6,000 GW-ton-year could be achieved, the
expected sensitivity would be sin2(2θ13) < 0.007.
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